The antibiotic cerulenin causes the immediate cessation of phospholipid biosynthesis in both chemoheterotrophic and photoheterotrophic cultures of Rhodopseudomonas sphaeroides. Macromolecule biosynthesis in photoheterotrophic cells was unaffected by cerulenin for the first 2 h after antibiotic addition and then continued at a reduced rate for an additional 8 h. In contrast, macromolecule biosynthesis in chemoheterotrophic cells was severely affected by cerulenin within the first 2 h of treatment. Pulse-labeling of protein after cerulenin addition revealed that all subcellular fractions were equally affected by the action of cerulenin with chemoheterotrophic cell fractions more profoundly affected than those derived from photoheterotrophic cells. Protein insertion into the intracytoplasmic membrane of photoheterotrophic cells continued for up to 6 h after the onset of cerulenin treatment. Residual macromolecule synthesis was correlated with the presence of the photosynthetic membrane system under all conditions of growth.
The facultative photoheterotroph Rhodopseudomonas sphaeroides is capable of both aerobic chemoheterotrophic and anaerobic photoheterotrophic growth (43) . During aerobic growth, this organism has a functionally and structurally undifferentiated cytoplasmic membrane (3, 20, 30) . Under anaerobic conditions, however, the cytoplasmic membrane exhibits both structural and functional differentiation within the same continuous membrane system (14, 18, 20, 30, 31) with a residual cytoplasmic membrane and a system of membranous invaginations termed the intracytoplasmic membrane. Localized within the intracytoplasmic membrane are all the components of photophosphorylation-based energy transduction (15) .
A special feature in the biosynthesis of the intracytoplasmic membrane is the cell cyclespecific uncoupling of protein and phospholipid accumulation into preexisting membrane. Fraley et al. (11) (12) (13) and Lueking et al. (22) showed that in synchronously dividing cell populations of R. sphaeroides, the intracytoplasmic membrane phospholipids are inserted in a cell cycle-specific fashion in concert with the cell division cycle, whereas protein insertion into the intracytoplasmic membrane takes place throughout the division cycle. Cain et al. (4) extended these observations by demonstrating that the cell cycle-specific accumulation of phospholipid into the intracytoplasmic membrane results from the transfer of phospholipid from other cell compartments to the intracytoplasmic membrane. Further, all species of phospholipid studied were accumulated coordinately.
The antibiotic cerulenin is an inhibitor of bacterial phospholipid biosynthesis (2, 5, 17, 21, 28, 34, 36, 44) by virtue of its inhibition of fatty acid biosynthesis (9, 28, 42) and the direct link between fatty acid availability and phospholipid biosynthesis (19) . Cerulenin has been demonstrated to be a general inhibitor of phospholipid biosynthesis in Bacillus subtilus (5, 44), Escherichia coli (17, 28) , Rhodopseudomonas capsulata (21), Saccharomyces cerevisiae (34), Caulobacter crescentus (36), R. sphaeroides (2) , and a variety of other organisms (28) . This antibiotic was used by Broglie and Niederman (2) in a study of the relationship between phospholipid biosynthesis and protein insertion into the intracytoplasmic membrane of R. sphaeroides. They concluded that protein insertion requires concomitant phospholipid, pigment, and protein synthesis.
We have repeated and expanded upon the work of Broglie and Niederman (2), using cerulenin to inhibit phospholipid biosynthesis in R. sphaeroides strains 2.4.1 and NCIB 8253, and we find that intracytoplasmic membrane protein insertion is readily uncoupled from phospholipid biosynthesis. These results support the previous conclusions of Fraley et In experiments involving a change from photoheterotrophic to chemoheterotrophic growth, the cultures were initially grown to the appropriate cell density under photoheterotrophic conditions, and the composition of the sparging gas was changed within 2 min to that used for aerobic growth. The source of illumination was also removed.
To pulse-label portions of a main culture, portions were transferred to a second vessel which was always presparged with the appropriate gas mixture for 5 min before the transfer. These precautions prevented any change in the gaseous environment of either the main culture or the subculture.
All experiments were initiated at ca. 8 Radioactivity present in either whole cells or subcellular fractions was determined by coprecipitating 250 ,ug of the sample plus 100 ,ug of bovine serum albumin fraction V with ice-cold 5% trichloroacetic acid containing Pi or leucine at 1 mg/ml. After a 30-min incubation on ice, the precipitates were collected by filtration onto glass fiber filters and washed with two 5-ml portions of ice-cold 5% trichloroacetic acid followed by a final rinse with a 5-ml portion of 95% ethanol. When dry, the filters were counted in a toluene-based scintillation fluid.
Relative rates of protein synthesis subsequent to antibiotic addition were followed by using a L- ,uCi/ml) was added to the main culture vessel when the bacterial concentration was ca. 6.0 x 106 bacteria per ml. When the culture reached a bacterial density of ca.
8.0 x 108 bacteria per ml (7 culture doublings), 200 p.g of L-phenylalanine per ml was added, and after a 5-min incubation period, 100 ml of the main culture was transferred to a second vessel, as described above, for pulse-labeling with L-[3H]leucine, at a specific activity of 2.0 ,uCi/ml with 2 ,ug of carrier L-leucine per ml. As soon as the transfer of the first portion was complete, cerulenin was added to the remainder of the main culture, and additional samples for pulse-labeling were removed at the times indicated. At the conclusion of each 30-min pulse-label period, the culture sample was maintained at 4°C, and the cells were harvested by centrifugation at 4°C, and the cell pellet was frozen and stored at -20°C.
Celi fractionation. Subcellular fractions from photoheterotrophic cultures were obtained by the contained sucrose method previously described (38) , except that cell disruption was by sonication. The resulting fractions were stored at -20°C until further use. Subcellular fractions were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) as previously described (37) . Protein bands on SDS-PAGE gels were visualized by staining with Coomassie brilliant blue G. In the case of radiolabeled polypeptides, visualization was by fluorography after treatment of the gel with En3Hance (New England Nuclear Corp., Boston, Mass.). Slab gel lanes were sliced into 1-mm slices which were digested overnight in 1.0 ml of 30% hydrogen peroxide at 65°C. The digest was then combined with a Triton X-100-based scintillation cocktail for subsequent counting.
Assay methods. Protein was estimated by the microbiurette method of Munkries and Richards (27) . Bacteriochlorophyll was extracted from whole cell samples with an acetone-methanol mixture (7:2 [vol/voll), and the absorbance of the extracts was determined at 775 nm. The extinction coefficient given by Clayton (5) was used to determine the amount of bacteriochlorophyll present.
Cerulenin was purchased from Sigma Chemical Co., St. Louis, Mo., and dissolved in absolute ethanol just before its addition to the culture. The amount of ethanol added to the cultures in this fashion did not VOL. 156, 1983 on July 6, 2017 by guest http://jb.asm.org/ Downloaded from exceed 0.2% of the culture volume and when added alone had no effect on any cellular activity. Radioisotopes were obtained from new England Nuclear.
RESULTS
Effects of cerulenin on whole cells. Figure 1 shows the effects of different concentrations of cerulenin on phospholipid accumulation by both chemoheterotrophic and photoheterotrophic cultures. Greater than 95% inhibition of phospholipid biosynthesis was observed with 20 ,ug or greater of cerulenin per ml. Cerulenin (40 ,ug/ml) was chosen for all further experiments.
As suggested by Broglie and Niederman (2) and Klein and Mindich (21) , a potential effect of cerulenin is the inhibition of isoprene subunit synthesis (28) required for the formation of several cellular comhponents, including the phytol side chain of bacteriochlorophyll (2) . As shown in Fig. 2 (Fig. 3, D to E) showed that protein and nucleic acid synthesis were unaffected for the first 2 h after cerulenin addition but then, rather than ceasing as for the chemoheterotrophic culture, both continued at reduced rates for the remainder of the experiment, i.e., 10 h.
Effect of cerulenin on cell viability. Figure 4 shows the effect of cerulenin on cell viability under chemoheterotrophic and photoheterotrophic conditions. The chemoheterotrophic-grown cells began a slow decline in viability immediately upon addition of the antibiotic and then underwent a reproducible and more rapid decline after 6 h of treatment. Cell viability of the photoheterotrophic culture appeared not to be affected, and, in fact, the culture underwent an almost twofold increase in the number of viable cells after antibiotic addition. The secondary effects of cerulenin on chemoheterotrophic and photoheterotrophic cultures appear quite different and were not reported previously (2) .
Effect of cerulenin on the rate of whole cell protein synthesis. We examined the short-term [3H]leucine uptake into trichloroacetic acid-precipitable material began immediately upon its addition to the culture, indicating that it comes into rapid equilibrium with existing intracellular leucine pools; (ii) the time course of incorporation was linear for at least the first 20 min of the labeling period; and (iii) the rate of residual protein synthesis in chemoheterotrophic cells is more sensitive to cerulenin addition than that observed for photoheterotrophic cells. Therefore, we can conclude that we are measuring true rates of protein synthesis, and a minimum of 20 min is an effective labeling period. Figure 6 demonstrates the decay of protein-synthesizing capability under both growth conditions after treatment with cerulenin. The t1/2 for decay in protein synthetic activity was approximately twice as large for chemoheterotrophic cultures as for photoheterotrophically grown cells.
Rates of protein accumulation in subcelular fractions. Cultures were grown in the presence of a long-term 14C protein label. Portions of the main culture were pulse-labeled for 30 min with a 3H amino acid before and after the addition of cerulenin. A portion labeled with the 3H amino acid before cerulenin addition served as a control culture. Cellular fractions were isolated as described, and the ratio of 3H/14C after cerulenin addition was normalized to the 3H/14C ratio in the control sample before cerulenin addition. In control experiments with 32P, instead of a 3H amino acid during the pulse-labeling period, less than 5% as much 32p; was incorporated into phospholipids relative to the untreated control (data not shown). Table 1 gives the values for turnover of the prelabel, under three different culture conditions, after cerulenin addition. We see that the lower the turnover values the greater the residual macromolecule synthesis and the greater the cell viability (photoheterotrophic growth). Conversely, the greater the turnover the lower the residual macromolecule synthesis and the lower the culture viability (chemoheterotrophic growth). A discussion of the turnover data shown in column 3 of Table 1 for the photoheterotrophic to chemoheterotrophic shift will be deferred until later. The relative rates of protein accumulation into the different subcellular fractions for both chemoheterotrophically and photoheterotrophically grown cells (Fig. 7) shows that for both cultures there was a ca. 25% reduction in protein synthetic activity in the first 2 h after cerulenin addition. Thereafter, the chemoheterotrophic culture continued to rapidly lose protein synthetic capacity with all subcellular fractions (particulate and soluble) being affected to the same extent. The photoheterotrophic culture was substantially more refractory than the chemoheterotrophic culture to the loss of protein synthetic capacity, and all subcellular fractions appeared to be similarly affected.
Furthermore, when the 3H/14C ratios of the major polypeptides derived from each cellular fraction obtained from each sample were analyzed by SDS-PAGE with only one exception, described below, no differences were observed between the cerulenin-treated sample and the untreated control (data not shown). Therefore, the polypeptide profiles behaved in a manner analogous to the cell fraction as a whole. The only exceptions that were observed were in the outer and cytoplasmic membranes derived from chemoheterotrophic cells at the 4-and 6-h time points after cerulenin addition. Several of the L- (2) .
We also determined the relative rates of protein accumulation into the different cellular compartments of a culture shifted from photoheterotrophic to chemoheterotrophic growth to determine whether the presence or absence of intracytoplasmic membrane could be correlated with the ability of the culture to maintain substantial macromolecule synthesis after cerulenin addition.
After a 25% decline in the 3H/14C ratio over the first 2 h of cerulenin treatment, all cellular fractions showed a steady increase in the rate of new protein accumulated relative to that present at the initiation of chemoheterotrophic growth. Therefore, in the presence of residual intracytoplasmic membrane, this chemoheterotrophic culture more closely resembled the steady-state photoheterotrophic culture treated with ceru- lenin than it did the steady-state chemoheterotrophic culture so treated. All cellular fractions were equally affected, and there was only a transitory effect on the rate of protein synthesis during the course of the experiment. Resolution of the polypeptides from each cellular fraction by SDS-PAGE followed by slicing and counting, as described for the photoheterotrophic and chemoheterotrophic cultures, revealed that several new polypeptide species as well as new groups of polypeptides were being synthesized, as would be expected in response to the change in growth conditions (data not shown). These data suggest that under growth conditions requiring the synthesis of an entirely new set of polypeptides, both soluble and membranous, such synthesis is not dependent upon the presence of newly synthesized phospholipid.
DISCUSSION
The antibiotic cerulenin, an inhibitor of fatty acid biosynthesis, causes the immediate and total cessation of phospholipid accumulation in both photoheterotrophic and chemoheterotrophic cultures of the facultative photoheterotroph R. sphaeroides (reference 2 and Fig. 1 ). However, the secondary effects of this antibiotic are expressed in a differential fashion dependent upon the growth mode of the organism: within several hours, chemoheterotrophic cells showed an almost total cessation of macromolecule accumulation and the loss of culture viability. In photoheterotrophic cells, on the other hand, the secondary effects of cerulenin were far less pronounced with the cells showing a reduced, but substantial, ability to accumulate macromolecules as well as the retention of culture viability for up to 10 h.
An examination of the effects of cerulenin on subcellular fractions derived from cells grown under both chemoheterotrophic and photoheterotrophic conditions demonstrated that the secondary effects of the antibiotic were exerted equally on all cell fractions. Examination of the polypeptides specific to each subcellular fraction showed that, with the possible exception of those derived from outer and inner membrane fractions of chemoheterotrophic cells, no particular polypeptide or class of polypeptides was specifically affected by the action of the antibiotic. It has been observed for E. coli (32) that there is a specific requirement for continued phospholipid synthesis for the transport of some outer membrane polypeptides from the cytoplasmic to the outer membrane.
The absence of an obligate coupling between membrane phospholipid insertion and membrane protein insertion has been reported for numerous bacterial systems (6, 8, 19, 23-26, 32, 33) . The intracytoplasmic membrane specifically has been shown to lack such an obligate coupling even under standard physiological conditions (11) (12) (13) 22) .
How do we explain the very major difference observed in the rates of residual macromolecule synthesis between photoheterotrophic and chemoheterotrophic cells after cerulenin addition? Because all subcellular fractions were equally affected in their rates of incorporation of new protein after cerulenin addition, we conclude that this signifies a basic change in the ability of the cells to synthesize protein. Had we observed that membrane protein accumulation was uniquely affected by cerulenin then we would have been inclined to consider this change in light of the specific action of cerulenin, i.e., inhibition of phospholipid accumulation. The experiments reported here showed an abnormal accumulation of polypeptides into the chemoheterotrophic cytoplasmic membrane. Because the cytoplasmic membrane of chemoheterotrophic cells is the site of oxidative energy transduction (29, 40) , either this abnormal protein accumulation or the general imbalance in the protein to phospholipid ratio of the cytoplasmic membrane resulting from cerulenin treatment could be expected to affect aerobic electron transport. On the other hand, photoheterotrophically grown cells lost very little of their macromolecular synthetic ability. This may reflect the fact that energy transduction in such cultures is mediated by the intracytoplasmic membrane which we know can accommodate a high ratio of protein to phospholipid (11) . In a previous report (38) , we demonstrated that the residual intracytoplasmic membrane derived from cells undergoing a photoheterotrophic to chemoheterotrophic shift remained as a differentiated cellular membrane system, i.e., the membrane system appeared to lack general cytoplasmic membrane properties, but was altered such that it took on the properties of an oxidative membrane system. Given this observation and those reported here, we suggest that after a shift from photoheterotrophic to chemo- VOL. 156, 1983 on July 6, 2017 by guest http://jb.asm.org/ Downloaded from heterotrophic growth preceded by the addition of cerulenin, the residual intracytoplasmic membrane should serve to function as an oxidative membrane system unaffected by a high protein to lipid ratio. Therefore, cells undergoing the transition should show continued macromolecule synthesis. This is in fact precisely what was observed (Fig. 7) .
Our results suggest that the effect of cerulenin inhibition on phospholipid synthesis is to cause the energy-transducing membranes, particularly the cytoplasmic membrane, to either become overloaded with protein or to change protein composition to the point that the cytoplasmic membrane becomes impaired and thus prevents further protein synthesis due to a breakdown in general energy-transducing mechanisms. Although continued functioning of the electron transport system and several other membranelocalized enzymes has been demonstrated (8, 19, 25, 33) in the absence of continued phospholipid synthesis, evidence also exists that altered membrane phospholipid to protein ratios may adversely affect the function of membrane-associated enzymes (10, 16, 26, 35, 41) . The comparative resistance of the intracytoplasmic membrane relative to the cytoplasmic membrane to the effect of cerulenin can then be correlated with the degree of tolerance to protein loading of this energy-transducing membrane. This hypothesis is currently under experimental observation.
